Type 2 diabetes (T2D) is strongly linked to obesity and an adipose tissue unresponsive to insulin. The insulin resistance is due to defective insulin signaling, but details remain largely unknown. We examined insulin signaling in adipocytes from T2D patients, and contrary to findings in animal studies, we observed attenuation of insulin activation of mammalian target of rapamycin (mTOR) in complex with raptor (mTORC1). As a consequence, mTORC1 downstream effects were also affected in T2D: feedback signaling by insulin to signal-mediator insulin receptor substrate-1 (IRS1) was attenuated, mitochondria were impaired and autophagy was strongly upregulated. There was concomitant autophagic destruction of mitochondria and lipofuscin particles, and a dependence on autophagy for ATP production. Conversely, mitochondrial dysfunction attenuated insulin activation of mTORC1, enhanced autophagy and attenuated feedback to IRS1. The overactive autophagy was associated with large numbers of cytosolic lipid droplets, a subset with colocalization of perlipin and the autophagy protein LC3/atg8, which can contribute to excessive fatty acid release. Patients with diagnoses of T2D and overweight were consecutively recruited from elective surgery, whereas controls did not have T2D. Results were validated in a cohort of patients without diabetes who exhibited a wide range of insulin sensitivities. Because mitochondrial dysfunction, inflammation, endoplasmic-reticulum stress and hypoxia all inactivate mTORC1, our results may suggest a unifying mechanism for the pathogenesis of insulin resistance in T2D, although the underlying causes might differ. the dephosphorylation by phosphotyrosine protein phosphatases (13).
INTRODUCTION
Type 2 diabetes (T2D), which is most often coupled with obesity, is characterized by an early and marked insulin resistance in the adipose tissue and as a consequence is associated with disturbed cellular and whole-body metabolism. The insulin resistance is due to dysfunctions in intracellular signal transduction, but the molecular details remain unclear. A recurring theme is an impaired phosphorylation of the insulin receptor substrate-1 (IRS1) protein by the activated insulin receptor (1) (2) (3) (4) (5) . Largely on the basis of results from animal studies, this impairment has, in turn, been ascribed to increased phosphorylation of IRS1 at serine residues and to low levels of IRS1 protein (reviewed in [6] ). In contrast, we previously found that in adipocytes from patients with T2D (5), in healthy lean volunteers after overeating (7) , and in adipocytes made insulin resistant with the adipokine retinol-binding protein-4 (RBP4) (8) , a feedback loop to phosphorylation of IRS1 at serine 307 (corresponding to serine 302 in the murine sequence) is strongly attenuated. Because phosphorylation of IRS1 at serine 307 appears to enhance the phosphorylation of IRS1 at tyrosine by the insulin receptor (5,9-11), attenuation of this positive feedback loop could explain the poor activation of IRS1 in T2D. The feedback signal to phosphorylation at serine 307 is inhibited by rapamycin (5,9), a very specific inhibitor of the protein kinase target of rapamycin (TOR), which indicates a direct involvement of the mammalian (m) ortholog mTOR in the feedback signal. Serine 307 is located in a consensus sequence for phosphorylation by protein kinase B or p70 ribosomal protein S6 kinase-1 (S6K1), and the mTOR-downstream S6K1 has been reported to phosphorylate serine 307 in vitro (12) . The fact that S6K1 is an important insulin-controlled serine-307 protein kinase was further indicated by small-interfering RNA-mediated knockdown of S6K1 in TSC2 -/-mouse embryo fibroblasts, which inhibited the phosphorylation at serine 307 in response to insulin (12) . It appears that phosphorylation of IRS1 at serine 307 may indirectly promote the phosphorylation of IRS1 at tyrosine, through inhibition of the dephosphorylation by phosphotyrosine protein phosphatases (13) . TOR coordinates control of cell growth and metabolism in accordance with nutrient availability in unicellular organisms. During evolution of multicellular organisms this control was seized by insulin and other growth factors. However, the ancient ability of TOR to sense nutrient levels in cells independently of insulin is retained in multicellular organisms, including man, giving TOR a key role in cellular control of metabolism and cell growth, as well as tolerance to starvation through control of autophagy. In mammalian cells mTOR, in complex with the protein raptor (mTORC1), is activated by insulin and the insulin receptor substrate-1 (IRS1) via either or both of the two signaling branches of insulin that lead to activation of protein kinase B/Akt or the Map-kinase ERK1/2, respectively. By responding to amino acid and energy levels in the cell, mTORC1 thus integrates insulin signaling with nutrient availability to control cellular processes such as cell growth, protein synthesis, mitochondrial function and autophagy ( Figure 1A ), reviewed in (14) . In several studies, in particular on animals after high-fat feeding regimens, insulin resistance has been coupled with hyperactive mTORC1 (reviewed in [6] ). However, because mTORC1 mediates the positive feedback signal to phosphorylation of IRS1 at serine 307, we wanted to further investigate the function of mTORC1 and its role in insulin resistance and T2D in human fat cells.
MATERIALS AND METHODS

Subjects
Informed consent was obtained from all study participants, and all procedures were approved by the ethics committee, Linköping University, and were performed in accordance with Declaration of Helsinki. Subcutaneous fat was obtained from patients undergoing elective abdominal surgery during general anesthesia. A slice of subcutaneous tissue from skin to muscle fascia was excised. Subjects undergoing elective abdominal surgery at the University Hospital in Linköping-Norrköping were recruited consecutively. To ensure inclusion only of patients with T2D related to obesity, study patients were selected when diagnosed with T2D and obesity/ overweight (body-mass index [BMI] > 27). In the comparison group, the only selection criterion for nondiabetic subjects was that . Adipocytes were incubated with (+) or without (-) 10 nmol/L insulin for 10 min, when cells were subjected to SDS-PAGE and immunoblotting with antibodies against phospho-threonine(389)S6K1. Phosphorylation was normalized to the amount of S6K1 protein. Results are given as % of control without insulin, for each subject, mean ± SE. Immunoblots show the state of phosphorylation of S6K1 (T389P) and amount of S6K1 protein.
(C,D) Abundance of mTOR (C) or S6K1 (D) protein in adipocytes from seven diabetic (filled bars; age 32-80, average 51.9 years; BMI 27.5-47.9, average 38.8 kg/m 2 ) and seven nondiabetic subjects (open bars; age 27-71, average 51.4 years; BMI 18.7-32.9, average 32.6 kg/m they had not received a diagnosis of diabetes. We did not match subjects for obesity or BMI, the diabetic patients were thus on average more obese than the nondiabetic subjects. Nondiabetic subjects and patients with diabetes were selected only for absence or presence of the disease, respectively. Thus, there were some obese insulin-resistant subjects in the nondiabetic comparison group, but this method of selection also allows for a wide significance of the results. Wholebody insulin sensitivity (Quantitative Insulin Sensitivity Check Index [QUICKI] [15] ) was determined from concentrations of insulin and glucose in fasting plasma samples from nondiabetic subjects characterized in Supplemental Table S1 .
Materials
Rabbit anti-mTOR (#2972), rabbit anti-phospho-p70S6K-thr389 (#9205), rabbit anti-70S6K (#9202), and rabbit anti-phosphoS6-ser235/236 (#2211) and anti-phospho-IRS1-ser302 (#2384, murine sequence) were from Cell Signaling Technology (Danvers, MA, USA). Rabbit anti-LC3 (sc-28266) and goat antiactin (sc-1616) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-LC3 (PM036) was from Medical & Biological Laboratories (Naka-ku, Japan). Monoclonal anti-UQCRC2 (A11143) was from Molecular Probes (Eugene, OR, USA). Antiperilipin antibodies were a kind gift of C. Londos (NIH, Bethesda, MD, USA).
Isolation and Incubation of Adipocytes
Adipocytes were isolated from subcutaneous adipose tissue by collagenase (Type 1, Worthington Biochemical, Lakewood, NJ, USA) digestion as described (16) . Cells were treated and incubated in supplemented Krebs-Ringer solution as described (17) .
Fluorescence Microscopy
To quantify LC3 we used immunofluorescence microscopy. Cells were fixed with 3% paraformaldehyde for 20 min and attached to poly-L-lysine-coated coverslips. Cells were then permeabilized and blocked in 0.1% saponin; 5% normal goat serum in: 137 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L Na 2 HPO 4 and 1.8 mmol/L KH 2 PO 4 , at 37°C for 1 h; and then incubated with anti-LC3 antibody at 4°C for 20 h. Cells were then washed and incubated with fluorescent secondary antibody (Alexa fluor488; Molecular Probes, Eugene, OR, USA). Confocal scanning microscopy was performed with a Nikon D-Eclipse CI (Nikon, Tokyo, Japan). To determine the amount of LC3-puncta, a fixed threshold was set in Adobe Photoshop Elements 4.0 and the mean fluorescence intensity was quantified with Volocity Quantitation (ver. 4.2.0, Improvision, Coventry, UK).
To quantify the amount of mitochondria, cells were incubated with 200 nmol/L Mitotracker Green (Molecular Probes) for 30 min, and analyzed with a Nikon D-Eclipse C1. Mean fluorescence intensity was quantified with Volocity Quantitation.
Lipofuscin particles were identified by confocal microscopy as Cu
2+
-quenched autofluorescent particles exhibiting emission throughout the commonly used excitation spectrum ranging from 480 to 630 nm. The number of lipofuscin particles clustered around the nucleus was counted in 20 cells per patient.
Electron Microscopy
Pieces of adipose tissue were fixed in 3.5% (w/v) paraformaldehyde with 0.1% (w/v) picric acid (Zambonis fixative [18] ) for 1 h, cut into approximate 1-mm 3 pieces and fixed for 2.5 h in the same solution. Tissue pieces were then fixed with 2% (v/v) glutaraldehyde in cacodylate buffer at 4°C overnight, followed by 1% (w/v) OsO 4 in cacodylate buffer at 4°C overnight. To enhance contrast, fixed tissue pieces were incubated in 1% (w/v) uranyl acetate in H 2 O for 2 h at 4°C. Samples were then dehydrated in increasing concentrations of ethanol and then propylene oxide. Epon 812-like resin Agar 100 (Agar Scientific, Essex, UK) was gradually infiltrated and allowed to harden for 48 h at 64°C. Ultrathin sections (65 nm) were collected on copper grids, briefly exposed to 0.4% (w/v) lead citrate solution to further enhance contrast, and examined by transmission electron microscopy (JEOL JEM-1230, Tokyo Japan). Cells were imaged at 80,000× magnification by using a SC1000 Orius CCD camera (Gatan, Pleasanton, CA, USA).
To quantify the number of autophagosomes, mitochondria with cristae, or cytosolic lipid droplets, thin sections covering a whole adipocyte were examined and organelles counted. To quantify the volume fraction of mitochondria with developed cristae, the area of the thin section covered by such mitochondria was determined in the section of each cell with Volocity Quantitation.
SDS-PAGE and Immunoblotting
Cell incubations were terminated by separating cells from medium by using centrifugation through dinonylphtalate. To minimize postincubation signaling and protein modifications, which can occur during immunoprecipitation, cells were immediately dissolved in SDS and β-mercaptoethanol with protease and protein phosphatase inhibitors, frozen within 10 s and thawed in boiling water for further processing (16) for SDS-PAGE and immunoblotting (17) . The amount of mTOR, S6K1 and UQCRC2 protein were normalized to actin, and phosphorylation of S6K1, S6 and IRS1 was normalized to the amount of S6K1, S6, and IRS1, respectively, in each sample. Data were normalized to percent of maximal effect.
mRNA Isolation and Analysis by RealTime PCR
RNA was prepared from isolated adipocytes by Trizol extraction (Qiagen, Hilden, Germany) and solid-face extraction by using RNeasy MinElute Cleanup columns (Qiagen). Reagents for real-time PCR analysis of PGC1α, mTOR, S6K1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Assays-on-Demand and TaqMan Universal PCR Master Mix) were from Applied Biosystems (Foster City, CA, USA). GAPDH was used as an internal reference to normalize expression levels between samples. First strand cDNA was synthesized from 2 μg of adipocyte total RNA by using SuperScript III First Strand Synthesis SuperMix for quantitative RT-PCR according to manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). All real-time PCR measurements were performed in duplicate (Applied Biosystems 7900 Real-Time PCR System) with default cycle parameters.
Glucose Uptake
After transfer of cells to medium without glucose, cells were incubated with 10 nmol/L insulin for 15 min, when glucose transport was determined as uptake of 50 μmol/L (10 μCi/mL) 2-deoxy-D- [1- 3 H]glucose (19) , and then incubated 30 min. Uptake was linear for at least 30 min.
Determination of ATP
For determination of ATP, samples of 200 μL cells at 10% (v/v) were incubated in triplicate with or without 5 μmol/L chloroquine, as indicated, for 18 h. Cells were transferred to 600 μL lysis buffert (E194A; Promega, Madison, WI, USA) and passed three times through a 25-gauge needle. Trichloroacetic acid, 400 μL 5% (w/v), was added immediately, and samples were put on ice. ATP concentration was measured with a luciferase-based assay (ENLITEN ATP assay system; Promega).
Statistical Significance
The statistical significance of differences between groups or controls and treatments were analyzed with the Student t test or linear regression analysis, as appropriate, with P < 0.05 considered significant. Nonsignificance (P > 0.05) is not indicated in figures.
All supplementary materials are available online at www.molmed.org.
RESULTS
Insulin Control of mTORC1 in T2D
We examined mTORC1 in isolated adipocytes obtained from obese patients with T2D and compared these with cells from nondiabetic subjects. In diabetic cells the activation of mTORC1 by insulin assessed as insulin-stimulated phosphorylation of S6K1 ( Figure 1B ) was attenuated. However, neither the amount of mTOR protein ( Figure 1C ) nor mTOR mRNA ( Figure 1E ) was significantly different. Likewise, the S6K1 protein (Figure 1D ) and mRNA levels ( Figure 1F ) were not significantly different in the diabetic cells, although there was a clear tendency towards reduced levels of both mTOR and S6K1 protein.
Autophagy in T2D
As insulin inhibits autophagy through activation of mTORC1 (20) (Figure 1A ), the attenuated mTORC1 in diabetic cells should in consequence be paralleled by enhanced autophagy. During autophagy cellular material is enclosed in a doublemembrane autophagosome that eventually fuses with lysosomes to degrade enclosed content within a single-membrane autolysosome. By transmission electron microscopy (TEM) of thin sections of adipocytes we identified ( Figure 2A ) and quantified characteristic autophagosomerelated structures ( Figure 2B ). The number of autophagosomes was significantly higher in the diabetic adipocytes, indicating that autophagy is increased in T2D, in accordance with the attenuated mTORC1 activity. As a general cellular response to nutrient deprivation, autophagy secures an uninterrupted supply of micronutrients, thus safeguarding cell survival. Indeed, the diabetic adipocytes exhibited a significant, albeit moderate, dependence on autophagy to maintain the cellular concentration of ATP (see for example 21), as evidenced by a decrease of the ATP concentration after inhibition of autophagic digestion (Supplemental Figure S1 ).
During autophagosome biogenesis, the protein LC3/atg8 is incorporated in the membrane of the forming autophagosome, and enhanced autophagic activity in the diabetic adipocytes was evidenced by an increased punctate distribution of LC3/atg8 in these cells ( Figure 2C, D) . Furthermore, after inhibition of mTORC1 with the specific inhibitor rapamycin, in the presence of chloroquine, LC3 puncta increased dramatically in the diabetic cells compared with nondiabetic cells ( Figure 2D ). To ascertain the rapamycinand chloroquine-induced increase in endogenous LC3 puncta, we also used antibodies against a different LC3 epitope and obtained similar results (not shown). Chloroquine inhibits the continuous lysosomal breakdown of LC3, which indicates increased flow through the autophagosomal system in diabetic cells (22) . The effect of rapamycin also indicates a strongly upregulated potential for increased autophagy in the diabetic cells.
Autophagy and Accumulation of Lipofuscin in T2D
Human adipocytes displayed an accumulation of lipofuscin-like particles, identified by confocal fluorescence microscopy as Cu 2+ -quenched broadspectrum autofluorescent particles (Figure 3A) . Lipofuscin accumulation is indicative of inhibited autophagy in human fibroblasts (23) , and we found that activation of autophagy by inhibition of mTORC1 with rapamycin reduced the number of lipofuscin-like particles in the human adipocytes ( Figure 3B ). This reduction was inhibited by the lysosomal inhibitor chloroquine (Figure 3B ), demonstrating that the particles were degraded by an autophagic/lysosomal process. In accordance with attenuated mTOR activity and enhanced autophagy in the diabetic cells, the number of lipofuscin particles was considerably reduced in adipocytes from patients with T2D ( Figure 3A, C) .
Mitochondria and Mitochondrial Function in T2D
In addition to promoting protein synthesis via S6K1 and inhibiting autophagy, mTORC1 stimulates mitochondrial biogenesis ( Figure 1A) . In accordance with attenuated activation of mTORC1, we found that peroxisome proliferator-activated receptor-γ coactivator-1 (PGC1α) mRNA was downregulated in adipocytes from patients with T2D compared with nondiabetic subjects ( Figure 4A ). We also quantified the amount of mitochondria ( Figure 4B, C) , determined as accumulation of Mitotracker Green (which accumulates in mitochondria independent of membrane potential and thus measures the content of mitochondria independent of function). Using this method of measurement we observed little difference in the amount of mitochondria between cells from patients with diabetes and the nondiabetic comparison group ( Figure 4C ). However, after stimulating autophagy by rapamycin-inhibition of mTORC1, the amount of mitochondria was reduced in nondiabetic and, more so, in diabetic adipocytes ( Figure 4C ). Inhibition of lysosomal digestion with chloroquine in rapamycin-treated cells restored mitochondrial volume to supranormal levels in the diabetic cells ( Figure 4C ), indicating increased autophagic turnover and increased potential for autophagy of mitochondria in diabetic adipocytes.
By using electron microscopy of adipocyte thin-sections ( Figure 4D ), we observed that the number of mitochondria with cristae was not different ( Figure 4E) . However, the volume fraction, determined from TEM, of mitochondria with cristae was substantially reduced in T2D cells ( Figure 4E ). Impaired mitochondrial function in the diabetic adipocytes was also demonstrated by a reduced amount of the nuclear-encoded mitochondrial inner membrane protein UQCRC2 ( Figure 4F ). The UQCRC2 gene contains a consensus cis-regulatory element (ATGGCG) for control by YY1-PGC1α (24) in the first intron. Taken together our findings indicate that the total amount of tubular mitochondria is not affected, whereas functional mitochondrial tubules with cristae are considerably reduced in the diabetic state, in accordance with little PGC1α (25) and attenuated mTORC1 activity.
Cytosolic Lipid Droplets in T2D
By using TEM we noted an increased number of cytosolic lipid droplets in diabetic compared with nondiabetic adipocytes ( Figure 5A, B) . A subpopulation of cytosolic lipid droplets was also associated with the autophagy marker protein LC3, which then colocalized with the lipid-droplet marker protein perilipin ( Figure 5C ). Most interestingly, the lipid droplets were found in patches by TEM ( Figure 5A ) and, more globally, by confocal fluorescence microscopy ( Figure 5C ). These patches may be areas where lipolysis takes place, because a high rate of lipolysis by triacylglycerol lipase will require the extended surface expansion provided by fragmentation of the large central lipid droplet, and autophagy may take part in the process. This notion was supported by the frequent occurrence of lipid-droplet-containing autophagosomes ( Figure 5D ).
Insulin Control of mTORC1 in a Cohort of Nondiabetic Subjects
To validate our findings we examined mTORC1 activation by insulin in a larger cohort of 26 nondiabetic subjects (Supplemental Table S1 ). We found that, similar to the effects of insulin on glucose uptake (Figure 6A ), the effects of insulin on phosphorylation of the mTORC1 substrate S6K1 ( Figure 6B ) correlated with whole-body insulin sensitivity over a very wide range of insulin sensitivity/resistance. This relationship was further mirrored by the phosphorylation of the S6K1 substrate ribosomal protein S6 ( Figure 6C ). The findings indicate that activation of mTORC1 in the adipose tissue by insulin is dependent on a subject´s insulin resistance rather than a T2D diagnosis. We have previously demonstrated that the positive feedback in insulin signaling, to phosphorylation of IRS1 at serine 307 (human sequence, corresponding to murine serine 302), is attenuated in adipocytes from patients with T2D (5, 8) . Inhibition of the feedback signal by rapamycin indicates the involvement of mTORC1 in the feedback loop (5, 9) , and it has been suggested that phosphorylation at serine 307 serves to integrate nutrient availabil- D 1 6 ( 7 -8 ) 2 3 5 -2 ity with insulin signaling (9) . Similar to the activity of mTORC1, the ability of insulin to stimulate the feedback phosphorylation at serine 307 of IRS1 in adipocytes was directly related to the insulin sensitivity of the subjects donating the cells ( Figure 6D ).
R E S E A R C H A R T I C L E M O L M E
Effects of Mitochondrial Inhibition on mTORC1
The etiology of the attenuated mTORC1 activity remains elusive, but defects in mitochondria and reduced ATP production are known to induce autophagy, perhaps via AMP-kinase inhibition of mTORC1 (26, 27) . We found that inhibition of mitochondrial function, by low concentrations of inhibitors specific for different stages of mitochondrial oxidative phosphorylation, significantly reduced the total volume of mitochondria in adipocytes from nondiabetic subjects ( Figure 7A ). The number of lipofuscin particles was also significantly reduced after incubation with these mitochondrial inhibitors ( Figure 7B ), indicating that mitochondrial dysfunction activates general autophagy, as well as mitophagy. The active autophagy shows that the inhibitors were not toxic to the cells. Mitochondria inhibitors also significantly inhibited mTORC1 activation by insulin ( Figure 7C ). This finding was further reflected in a reduced insulin feedback signal from mTORC1 to phosphorylation of IRS1 at serine 307 (human sequence) ( Figure 7D ).
DISCUSSION mTORC1
Our conclusion that mTORC1 activation by insulin is attenuated in adipocytes from obese patients with T2D is based on direct measurements of the major functions of mTORC1 signaling activity (Figure 8 ): (a) Attenuated effects of insulin on the state of phosphorylation of the major mTORC1 substrate S6K1, as well as (b) on two downstream substrates of S6K1: the ribosomal protein S6 and IRS1 at serine 307 (human sequence); (c) increased autophagic activity (see below); and (d) impaired mitochondria (see below). We, moreover, validated the attenuation of the mTORC1 pathway in a cohort of nondiabetic subjects exhibiting a wide range of insulin sensitivities, which indicates that attenuated mTORC1 is a property of the insulin-resistant state and does not require full-blown T2D with impaired function of the insulin-producing β cells. We further describe the mechanisms causing attenuation of mTORC1 below.
Others have reported that excess nutrients and other manipulations that cause overactivation of mTORC1-S6K1 induce insulin resistance (6, (28) (29) (30) . These studies have usually related hyperactive mTORC1-S6K1 to increased phosphorylation of IRS1 at serine, in particular at serine 312 (human sequence, corresponding to murine serine 307), which has been attributed to an inhibition of IRS1 signaling. The inhibitory effect of phosphorylation of IRS1 at serine 312 has, however, recently been refuted. Knock-in of IRS1 serine312alanine mutant in mice demonstrated a negative, rather than a positive, effect on IRS1 signaling, which aggravates the insulin resistance of highfat feeding (31) . Hence it appears that insulin feedback signaling to phosphorylation of IRS1 at serines 307 (5,9,11), 312 (31), and 323 (11) (human sequence), all requiring mTORC1 activity, sustain positive-feedback signals. As a consequence, hypoactive mTORC1 should be associated with impaired insulin signaling and insulin resistance, in accordance with our findings here. A dependence on mTORC1 for insulin signaling in vivo in human subjects has been demonstrated by the treatment with rapamycin, which is linked to inhibition of IRS1 and induction of insulin resistance (32, 33) . 
mTORC1 and Autophagy
A direct consequence of attenuation of the mTORC1 pathway in insulin resistance, and an important aspect of insulin resistance in adipocytes, is enhanced autophagy. We demonstrated enhanced autophagy in the adipocytes from obese patients with T2D along several different lines of evidence: (a) Electron microscopic identification of an increased number of autophagosomes; (b) increased turnover and particle association of the autophagy protein LC3, which indicates an increased flow through the autophagosomal system; (c) a partial dependence on autophagy for production of ATP; (d) reduced density of lipofuscin particles, apparently by autophagosomal degradation; (e) reduced mitochondrial volume and increased potential for autophagy of mitochondria. It is interesting that endoplasmic-reticulum stress, induced by thapsigargin, decreased the amount of insulin receptor in 3T3-L1 adipocytes, similar to the situation in T2D (7), and that this was reversed by inhibition of autophagy with 3-methyladenine (34) . These authors also reported that the LC3-II/LC3-I ratio was increased in the adipose tissue of db/db mice, indicating increased autophagic activity. Increased autophagy has recently also been demonstrated in the insulin-producing β cells of db/db mice as well as after high-fat feeding of mice (35) .
A compromised differentiation of adipocytes in autophagy-deficient mice (36) as well as in adipose-specific autophagydeficient mice (37) has precluded assessment of the role of autophagy in fattyacid release in those animals. In rat hepatocytes, however, components of the autophagic pathway were recently shown to associate with lipid droplets and to control lipolysis (38) . It is possible that the perceived starvation in adipocytes from patients with T2D increases autophagy to enhance hydrolysis of stored triacylglycerol, thus also contributing to the elevation of fatty acids in blood that is characteristic of T2D. Indeed, adipocytes from T2D patients exhibited (a) an increased number of cyto- An interesting corollary to enhanced autophagy was our finding that cellular lipofuscin particles can be degraded after stimulating autophagy. Lipofuscin has been identified as nondegradable remnants of lysosomal digestion, which accumulate over the lifespan of an organism to eventually cause cell death and set a limit to the survival of the organism (reviewed in [41, 42] ). Our finding that stimulation of autophagy can dispose of the lipofuscin could have direct implications for our understanding of how lysosomal storage diseases associated with cellular deposits of waste products or misfolded proteins can be treated. Furthermore, by removing misfolded proteins (43) , enhanced autophagy may, in the insulin-resistant diabetic state, have a protective function to alleviate endoplasmic reticulum stress. In contrast to the reduced levels of lipofuscin in the insulin-resistant adipocytes, it has been reported that destruction of the insulinproducing β cells in rats by streptozotocin increases the amount of lipofuscin in erythrocytes (44) and neurons (45).
mTORC1 and Mitochondria
There is much evidence for reduced mitochondrial function and PGC1α in obesity and T2D (46) (47) (48) (49) (50) (51) (52) (53) (54) . In accordance with this evidence we found mTOR activity, PGC1α, the electron transport protein UQCRC2, and the volume of mitochondria with cristae to be coordinately downregulated in diabetic adipocytes.
Inhibition of mTORC1, and thus stimulation of autophagy, directly impacted the amount of mitochondria in human adipocytes, especially in the diabetic cells. Inversely, inhibition of mitochondrial function stimulated autophagy, apparently through inhibition of mTORC1. Reciprocal control between mTORC1 and mitochondria would serve a critical function to coordinate mitochondrial activity and protein synthesis and growth. On one hand, mTOR controls mitochondrial oxidative function through the transcription factor PGC1α (24), thereby determining the balance between mitochondrial and nonmitochondrial production of ATP (55) . On the other hand, mTOR has been found localized to mitochondria (55, 56) , and was sensitive to perturbation of mitochondrial function (see for example [55, 57] ). In this context it should be noted that adipocytes from subjects with T2D release more lactate (58) , consistent with the reduced activity of mTORC1 and its role in aerobic ATP production. The central role of PGC1α as a mediator between mTOR and the mitochondria has been directly demonstrated by insulin resistance causing mitochondrial dysfunction in C2C12 cells, whereas overexpression of PGC1α rescues insulin signaling and mitochondrial function (59) . Knockout of raptor in mice has, however, provided conflicting results. With the expected decrease in oxidative capacity and mitochondrial gene expression in muscle-specific raptor knockout mice (60), while adipocyte-specific raptor knockout mice exhibited induction of UCP1 expression and characteristics of brown adipocytes (61) . mTORC1 is required for proper differentiation of adipocytes, and transdifferentiation of white adipocytes to brown adipocytes makes it difficult to draw any conclusions from these knockout mice regarding the normal function of mTORC1 and autophagy in fully differentiated adipocytes. Although knockout of either raptor (60) or rictor (62) in skeletal muscle generates mice with impaired glucose tolerance, knockout of mTOR does not affect glucose tolerance (63) , further attesting to the difficulty of predicting and interpreting findings from these animals. However, although differentiation of adipocytes was impaired in adipose-specific autophagy-deficient animals, UCP1 was not induced (37) . The animals were nevertheless resistant to high-fat-diet-induced obesity and were also more insulin sensitive.
mTORC1 and the Insulin-Resistant State
To conclude, adipocytes from patients with T2D exhibit hypoactive mTORC1 signaling, increased autophagic activity and impaired mitochondrial function, which is consistent with an attenuated positive-feedback loop to IRS1 (Figure 8 ). Our findings enforce the notion of mTORC1 as a central integrator of insulin signaling and cellular energy metabolism in human adipocytes. On one hand, exogenous substrate availability through insulin signals an anabolic state and activates mTORC1 to stimulate protein synthesis and aerobic ATP production. On the other hand, shortage of cellular substrate or dysfunctional oxidative phosphorylation inhibits mTORC1, which inhibits insulin signaling through reduced positive feedback to phosphorylation of IRS1 at serine 307 (human sequence).
The role of TOR in coordinating nutrient and insulin/growth-factor signaling is demonstrated by the finding that either insulin or nutrient availability determines the size of the Drosophila fly. Low dTOR in the fat body of Drosophila induces a state of pseudo-starvation and cellular dependence on autophagy, in spite of the availability of plenty of extracellular nutrients, with attenuated growth-factor signaling and systemic release of growth inhibitory signals (64) . In human adipose tissue, by analogy, the impaired insulin signaling and mTORC1 activity in T2D set the adipocyte in a state of starvation and growth inhibition, which may induce the release of systemic insulin-resistance-inducing adipokines (65) . Interestingly, investigators recently found that the Drosophila fat body releases NLaz to systemically inhibit insulin signaling (66) . The human ortholog to NLaz is RBP4, which is released from human adipose tissue and can induce insulin resistance (8, 67) .
Cause or Consequence?
Although our findings add novel and crucial information to enhance understanding of the defect mechanisms behind insulin resistance in T2D, the origin of the defect remains to be identified, if one exists. It is indeed possible that causes vary from individual to individual, but owing to the interrelatedness of the cellular functions affected, consequences will be identical. Mitochondrial dysfunction, reactive oxygen species production/oxidative stress, endoplasmic-reticulum stress, genotoxic stress, hypoxia, cellular energy shortage, and inflammation can all impinge on mTOR, IRS1 phosphorylation, insulin signaling, mitochondria and autophagy (Figure 8 ).
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